The aluminum alloy has some advantages and has wide application in modern life. However, aluminum alloys are easily corroded by corrosive substances in the environment, thus affecting their service life. In order to improve the corrosion resistance of the aluminum alloy surface, The composite film was prepared by micro-arc oxidation, self-assembly and doping, which were micro-arc oxidation (MAO), bis[3-(triethoxysilyl)propyl]tetrasulfide(BTESPT) and graphene oxide (GO). The morphology and composition of the composite film (MAO/BTESPT/GO) were tested by SEM, EDS. The salt spray test, Tafel polarization curve and electrochemical AC impedance were used to test the corrosion resistance of the composite film. The results shown that the micro-arc oxidation-self-assembled composite film had excellent corrosion resistance. And the corrosion current density of the composite film was reduced by 5 orders of magnitude compared with the substrate. The salt spray test results shown that the corrosion resistance of the composite film was greatly improved compared with that of the matrix and the selfassembled film. The composite film exhibited excellent corrosion resistance.
INTRODUCTION
Aluminum and its alloys have the advantages of low density, good mechanical properties, light weight, high strength and good plasticity [1] . It has been widely and successfully applied in engineering fields such as aviation industry [2] [3] [4] [5] , construction industry [6] and automobile industry [7] . However, in an environment with a humidity of 50% or more, it is easy to contact with moisture and dust particles in the environment. Most of the dust particles contain some small amounts of metal ions, and some elements in the aluminum alloy are also susceptible to moisture in the air, thereby forming a primary battery, resulting in electrochemical corrosion behavior of the aluminum alloy matrix. Therefore, it causes a large economic loss to the world every year. In order to reduce the economic loss of the world, it is necessary to improve the corrosion resistance of the aluminum alloy. Metal surface protection and corrosion protection methods are currently available in a variety of ways, and the reaction types can be roughly divided into three types: chemical [8] [9] [10] , electrochemistry [11] and physical treatment. There are many methods of chemical treatment, and there are three main types: organic film treatment [12] [13] [14] , phosphate conversion film [15] and chromate passivation film [16] [17] [18] [19] ; electrochemical treatment includes: anodizing [20] [21] [22] and micro-arc oxidation [23] [24] [25] ; physical treatment includes: organic solvent cleaning and mechanical grinding. Micro-arc oxidation is developed on the basis of traditional anodization. The micro-arc oxidation process consists of two reactions, an electrochemical reaction and a plasma chemical reaction. Zhan [26] studied the electroless nickel plating on the basis of microarc oxidation of magnesium alloy. The research shown that nickel plating on the micro-arc oxidation film can well protect the magnesium alloy matrix. M. Mohedano [27] added the σ-Al2O3 phase in the electrolyte to increase the content of the σ-Al2O3 phase of the micro-arc oxidation film of the aluminum alloy, thereby improving the hardness and wear resistance of the micro-arc oxidation film of the aluminum alloy. In recent years, micro-arc oxidation technology has many mature processes, which have attracted extensive attention in the surface treatment of aluminum alloys. Although the micro-arc oxide film can prevent the corrosion of the aluminum alloy to some extent. However, there are many micropores and microcracks on the surface of the micro-arc oxide film, which hinders its application to the corrosion protection of aluminum alloys.
Graphene has broad application prospects in experimental research and industrial applications. It has a unique structure and excellent physical and chemical properties. It is a new type of carbon material with a single atomic film thickness. The excellent permeability resistance and high thermal stability of graphene make graphene coatings have excellent anti-corrosion properties, and have great application potential as metal protective coatings. Kong [28] explored the corrosion resistance of Bis [3-(triethoxysilyl) propyl]tetrasulfide and graphene composite film on aluminum alloy by means of selfassembly and doping. The results shown that the composite film had a good protective effect on the aluminum alloy. GO is an intermediate product of the preparation of graphene by graphite oxidation. Compared with graphene, it is also a two-dimensional material with similar properties to graphene. The presence of oxygen-containing functional groups endows go with good dispersion and compatibility with polymers, etc. The outstanding aspect ratio of GO and its strong resistance to corrosive media can improve its corrosion resistance to matrix materials. Zhu [29] studied the corrosion resistance of 2024 aluminum alloy modified by organic material BTESPT/GO. It was found that the prepared composite film had good barrier ability to corrosive ions. However, it has been found that the corrosion resistance of the composite film of GO and polymer has only slightly increased, and there are few studies on the corrosion resistance and corrosion resistance mechanism of the composite film of micro-arc oxide film and GO and polymer.
In this paper, the microarc oxidation/Bis [3-(triethoxysilyl) propyl] tetrasulfide (BTESPT) /graphene oxide (MAO/BTESPT/GO) composite film was prepared by combining microarc oxidation and self-assembly on 6061 aluminum alloy. The morphology and composition of the composite film were tested by SEM and EDS. The salt spray test, Tafel polarization curve and electrochemical AC impedance were used to test the corrosion resistance of the composite film. The results shown that the micro-arc oxidation/self-assembled composite film had excellent corrosion resistance.
MATERIAL AND METHODS

Preparation of sample and self-assembly liquid
A 6061 aluminum alloy substrate (the composition of which is shown in the following Table 1 ) was cut into a sample having a size of 30 mm × 40 mm × 2 mm, and mechanically ground with SiC sandpaper, and the sizes were 180 #, 600 #, 1000 #, and 1500 #, respectively. And it was removed the grease for one minute at 80℃, then ultrasonicated in distilled water and ethanol for 10 min. Next, use JHMAO-380/20A micro-arc oxidation power supply for micro-arc oxidation process, using pulse voltage method, the pulse frequency and duty cycle were set to 300Hz and 30% respectively. The pretreated aluminum alloy substrate was used as an anode, and the stainless steel was used as a cathode in the electrolyte solution of the silicate solution, and a mixed electrolyte (9 g/L Na2SiO3, 4 g/L NaOH, 2 g/L C10H14N2O8Na2•2H2O) was used. The sample was micro-arc oxidized for 30 min and the termination voltage was 300V. Finally, the sample treated by the micro-arc oxidation process was rinsed with distilled water and placed in a forced air oven at 50 °C for drying.
According to the volume ratio of BTESPT: distilled water: ethanol = 5: 5: 90, configure the total self-assembly liquid 100 mL, wherein acetic acid was used to adjust the pH of the mixed solution to 4, and the mixed solution was taken at 35℃. The magnetic stirrer was stirred for 2 h, then ultrasonically shaken at room temperature for 3 h, and the resulting solution was hydrolysed at room temperature for 48 hours. The graphene oxide suspension prepared by the Hummers method and the prepared BTESPT solution were ultrasonically mixed for 60 min in a ratio of 1:1, and the sample treated by the micro-arc oxidation process was self-assembled at a normal temperature for 1 h in the prepared self-assembly solution, and cured at 180℃ for 1 h. The preparation process was as shown in Fig. 1 . 
Test method
The surface morphology of the MAO/BTESPT/GO composite film was observed by Hitachi SU5000 scanning electron microscope (SEM) and energy color scatter line spectroscopy (EDS). Raman spectra was collected using a LabRam HR Raman system and the excitation source was a 780 nm laser with an extended scan between 100 and 3200 wavenumbers (10 seconds). The surface composition of the samples was analyzed with the ESCALAB 250xiXPS test system (with AlK sigma laser source at 1486.6eV). The electrochemical impedance of the sample was tested at room temperature using a threeelectrode system (a saturated calomel electrode as a reference electrode, a platinum electrode as an auxiliary electrode, and an aluminum alloy sample as a working electrode) using a CHI860D electrochemical workstation. The test sample had an effective surface area of 1 cm 2 and the electrolyte was a 3.5% NaCl solution. The test was to soak the sample in a NaCl solution for half an hour to stabilize the open circuit potential (OCP) of the scanned sample, using a sinusoidal applied voltage of 10 mV and a frequency range of 10 mHz to 100 kHz. The scan rate of the test polarization curve was set to 1 mV•s -1 . After the test was completed, a series of data such as the corrosion current density of the sample were obtained and analyzed. Each test was performed 3 times under the same experimental conditions to ensure reproducibility of the test results. The corrosion resistance of the samples was tested using a salt spray tester model AC-60. In the salt spray box, the NaCl solution was 5% by mass, and the salt spray experiment was carried out in a 24-hour cycle using a continuous spray for 12 hours and a standing operation for 12 hours. The corrosion morphology of the sample was observed and photographed to observe the corrosion resistance of the sample.
RESULTS AND DISCUSSION
SEM analysis
The SEM of several different samples was shown in Fig. 2 . The MAO film was shown in Fig.  2A . It can be observed that there were micropores and microcracks on the MAO film. The MAO/BTESPT/GO composite film was shown in Fig. 2B . The MAO/BTESPT composite film had a compact structure, the micro-pores and micro-cracks on the micro-arc oxidation film were well sealed, forming a relatively uniform self-assembly film. However, the self-assembled film was usually very thin, and it was difficult to completely cover the micropores and microcracks on the micro-arc oxide film. Therefore, the tetrasulfide solution and the graphene oxide suspension were mixed in a ratio of 1:1 to prepare a self-assembled liquid to prepare a MAO/BTESPT/GO composite film on the surface of the aluminum alloy, which can well coat the MAO film. Microstructure diagram of aluminum alloy MAO/BTESPT/GO composite film was shown in Fig. 2C . It can be observed that the micropores and microcracks were completely covered and can well compensate for the defects in the MAO/BTESPT film. Wang [30] also discovered that micro-arc oxidation film also have micropore and micro-crack defects in the exploration of magnesium alloys. The BTESPT film was used to improve the defects of the micro-arc oxidation film, but the silane film also had relatively thin defects. Table 2 that the MAO/BTESPT/GO film was successfully prepared. It can be seen from the table that the contents of Al and O decreased sequentially, while the contents of C, Si and S increased sequentially, wherein S was a characteristic element of tetrasulfide. The MAO/BTEPT/GO composite film had a significantly higher content than the MAO/BTESPT film S, indicating that MAO/BTESPT/GO was well combined [28, 31] . Kong [28] reached a similar conclusion by measuring the EDS of BTESPT.
Raman analysis
In order to further verify the successful preparation of the MAO/BTESPT/GO composite film, the sample was further tested by Raman. As shown in Fig.4 , characteristic peaks of graphene oxide can be observed, which were the D peak at about 1321 cm -1 and the G peak at 1590 cm -1 , respectively. The D peak was considered as the disordered vibration in the defective graphene and graphite (sp 3 defect), and the G peak of graphene was the main peak of graphene, which appeared due to the E2g mode of the sp 2 carbon domain, and represented the planar vibration of carbon atoms in crystalline graphite materials [32] . This indicated the successful preparation of go on micro-arc oxide film. A was formed by curing the MAO/BTESPT/GO composite film at 50℃, and B was formed by curing at 180 °C. It can be seen from the figure that the peak strength of the composite film at 180 °C was significantly stronger than 50℃, indicating that the composite film formed by curing at 180 °C was more preferable. The Na element was derived from NaSiO3, and the Si element may be derived from tetrasulfide or may be derived from NaSiO3. The C1s spectrum was shown in Fig.5b . The original spectrum was fitted to three characteristic peaks centered at 284.60eV, 285.60eV and 288.87eV, which were C-C, C-O and C=O [29] , respectively. This was similar to the conclusion that Zhu [29] found in XPS exploring the BTESPT/GO film. The existence of GO and BTESPT as self-assembly liquid on the micro-arc oxidation film of aluminum alloy was confirmed. The O1s spectrum was shown in. Fig.5c . The original spectrum was fitted to three characteristic peaks centered at 531.56eV, 531.94eV and 532.19eV, which were respectively C=O, Si-O (including Si-O-Si and Si-OH) and C-O, indicating that the reaction between graphene oxide and tetrasulfide was combined. Si the original spectrum was shown in Fig.5d . The original spectrum was fitted to three characteristic peaks centered at 101.32 eV, 102.08 eV and 102.83 eV, which corresponded to Si-OH, Si-O-Si and Si-O-C, respectively [29, 33] . Among them, Si-O-Si was formed by dehydration condensation reaction between tetrasulfides. Si-O-C was formed by dehydration condensation between a tetrasulfide molecule and an oxygen-containing functional group in graphene oxide. Their formation indicated that the composite film formed between tetrasulfide and graphene oxide covered the micro-arc oxidation film on the aluminum alloy. The electrochemical impedance spectroscopy of the composite film was shown in Fig.6 . The electrochemical impedance spectroscopy of different films of aluminum alloy matrix, MAO, MAO/BTESPT and MAO/BTESPT/GO was tested in 3.5% NaCl solution and the corrosion resistance of different film was investigated. It can be seen from Fig.6a . that the impedance variation range of different films in the high frequency range was not large. In the low frequency range, the MAO/BTESPT/GO composite film had a larger improvement than other film. The MAO/BTESPT/GO composite film (2.1610 7 Ω·cm 2 ) in the low frequency (0.01Hz) range was an order of magnitude higher than MAO/BTESPT (5.1910 6 Ω·cm 2 ), compared to MAO (8.2610 5 Ω·cm 2 ) and aluminum alloy substrate (1.4310 5 Ω·cm 2 ) increased by two orders of magnitude. It shown that the MAO/BTESPT/GO composite film acted as a corrosion-resistant aluminum alloy and hindered the corrosive medium. The results shown that the prepared MAO/BTESPT/GO composite film had better corrosion resistance than other films. The bode plot of phase angle in Fig.6b . also shown the differences among the aluminum alloy matrix, MAO, MAO/BTESPT and MAO/BTESPT/GO. The phase angle of MAO/BTESPT/GO in the high frequency range was generally higher than that of the aluminum alloy matrix, MAO, MAO/BTESPT and MAO/BTESPT/GO, indicating that the MAO/BTESPT/GO composite film had better protection effect. The equivalent circuit diagram of the aluminum alloy substrate can be represented by Fig.7 (a) , where Rs represented the liquid-to-liquid resistance between the research electrode and the reference electrode, which was affected by the electrolyte solution and the electrolytic cell. Qcoat represented the film capacitance, Rcoat was the film resistance, and L was the inductive reactance. The equivalent circuit diagram of the aluminum alloy MAO film can be represented by Fig. 7(b) , where C was an electric double film capacitor and Rct was a charge transfer resistor. The equivalent circuit diagram of MAO/BTESPT and MAO/BTESPT/GO can be represented by Fig. 7(c) , where Qdl represented the capacitance of the electric double film [30] .
Electrochemical performance
Electrochemical impedance spectroscopy
According to the proposed equivalent circuit, the AC impedance spectrum was fitted, and the fitted data can be well matched with the experimentally measured AC impedance spectrum. The data obtained by fitting was listed in Table 3 . Rct was an important parameter to evaluate the properties of corrosive media. The larger the value, the better the electrochemical stability and corrosion resistance of the material. The Rct value of the MAO/BTESPT/GO composite film was 2.4842×10 7 Ω•cm 2 , which was two orders of magnitude higher than MAO (Rct value was 4.1054×10 5 Ω•cm 2 ) compared to the MAO/BTESPT composite film (Rct value was 5.5153×10 6 Ω•cm 2 ) was increased by an order of magnitude, indicating that the composite film can extremely improve the corrosion resistance of the aluminum alloy. The linear polarization curves of the aluminum alloy matrix, MAO, MAO/BTESPT and MAO/BTESPT/GO self-assembled composite films were shown in Fig. 8 . The data obtained from the linear polarization curve analysis were shown in Table 4 . It can be seen from Table 4 that the corrosion current density of the MAO/BTESPT/GO composite film was less than the corrosion current density of the MAO film. The corrosion current density of the MAO/BTESPT/GO composite film was reduced by five orders of magnitude compared to the corrosion current density of the aluminum alloy substrate, and the corrosion current density of the MAO and MAO/BTESPT film was reduced by four and one order of magnitude, respectively. The corrosion potential represented the degree of corrosion that occurred, and the more positive the corrosion potential, the less likely the corrosion behavior occurred. Compared with the simple aluminum alloy matrix and the MAO film, the MAO/BTESPT/GO composite film had a more corrosive potential, thereby improving its corrosion resistance [34] [35] [36] [37] . Table 4 . Analysis of Polarization Curve Data of Four Samples in 3.5wt.% NaCl Solution and with the extension of salt spray test time, the area of the sample of single micro-arc oxide film expanded, micro-arc oxidation the film sample was destroyed and the corrosion was very severe. It can be seen from Fig. 9 (B) that the MAO/BTESPT composite film had a certain corrosion phenomenon after 96h, but with the extension of the salt spray time, the corrosion of the film developed slowly and there was almost no corrosion phenomenon. It can be seen from Fig. 9 (C) that the MAO/BTESPT/GO composite film also presented pitting corrosion after 96h. Like the MAO/BTESPT composite film, the corrosion of the film developed slowly with the extension of the salt spray time, and there was almost no corrosion. It shown that the MAO/BTESPT and MAO/BTESPT/GO composite films can resist corrosion compared to a single micro-arc oxide film. Based on the electrochemical tests of different films of Fig.6 . and Fig.8 . It can be concluded that the MAO/BTESPT/GO composite film had better corrosion resistance than the MAO/BTESPT film and the MAO film, and its corrosion resistance was better.
Polarization curve
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CONCLUSIONS
In this paper, microarc oxidation, graphene oxide and (Bis [3-(triethoxysilyl) propyl] tetrasulfide BTESPT)( MAO/BTESPT/GO ) composite films were prepared by combining microarc oxidation with self-assembly. The morphology and composition of the composite film was tested by SEM and EDS. The salt spray test, Tafel polarization curve and electrochemical AC impedance were used to test the corrosion resistance of the composite film. The results shown that the MAO/BTESPT/GO composite film was dense and had the function of sealing micropores and microcracks in the micro-arc oxidation film. The impedance of the composite film was much larger than that of the aluminum alloy matrix and other films. The composite film had good corrosion resistance and achieved the purpose of improving the corrosion resistance of the aluminum alloy.
